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Abstract. We discuss experiments to produce and detect atom correlations in a degenerate or nearly
degenerate gas of neutral atoms. First we treat the atomic analog of the celebrated Hanbury Brown
Twiss experiment, in which atom correlations result simply from interference effects without any
atom interactions. We have performed this experiment for both bosons and fermions. Next we show
how atom interactions produce correlated atoms using the atomic analog of spontaneous four-wave
mixing. Finally, we briefly mention experiments on a one dimensional gas on an atom chip in which
correlation effects due to both interference and interactions have been observed.
INTRODUCTION
Recent years have seen a blossoming in the use of experimental techniques sensitive to
atom correlation in the study of ultra-cold atomic gases. After a pioneering experiment
in 1996 [1], in which the atomic Hanbury Brown Twiss (HBT) experiment was first
observed, there were many analyses and proposed extensions to other situations [2,
3, 4, 5]. In the past two years several experimental realizations have been reported
[6, 7, 8, 9, 10]. At the same time, the theoretical community has shown much interest in
correlated pairs of atoms, either from collisions or from the breakup of molecules[11, 12,
13, 14, 15, 16]. Here again, the year 2005 saw the report of an experimental realization.
In this paper we will discuss some new experiments concerning atom correlations. We
refer the reader to the contribution of I. Bloch in this volume for additional ones. All
this activity promises to provide much new information about the behavior of cold
quantum gases, but we also emphasize that in the field of nuclear and particle physics,
Hanbury Brown Twiss correlations are a well established experimental technique and
we recomend Ref. [17] for a review.
THE ATOMIC HANBURY BROWN TWISS EXPERIMENT
Intuitive picture
At this conference, the contributions of R. Glauber and that of E. Demler discuss the
theoretical interpretation of the correlation experiments. Here we will give a less general
but intuitive point of view due to Fano [18]. The HBT effect necessarily involves the
detection of two particles at different space-time points. Thus one is led to consider, two
source points, A and B, which emit particles detected at two detection points, C and
D. One must consider the quantum mechanical amplitude for the process (A → C and
B→D) as well as that for (A→D and B→C). If the two processes are indistinguishable,
the amplitudes interfere. For bosons, the interference is constructive resulting in a
joint detection probability which is enhanced compared to that of two statistically
independent detection events, while for fermions the joint probability is lowered. For
a detector separation larger than the aperture which would permit the resolution of the
structure of the source, the average over different points in the source washes out the
interference and one recovers the situation for uncorrelated particles.
In the case of a chaotic source of light the correlations are also easily understood in
terms of speckle, without reference to the concept of photons. But, as in optics with
light, we are capable of producing sources for which a classical analysis is not adequate.
The experiment discussed below using fermions is an example. The idea of speckle can
still be useful however, because it reminds us that these experiments can be analyzed
from the point of view of noise or fluctuation phenomena.
Experiment with bosons
The detection of HBT correlations has presented a significant experimental challenge,
because the correlation is only maximal if the two detectors occupy the same h¯3 volume
in phase space. In other words, the correlation length, h¯t
ms
where s is the size of the source
and t is the time of flight to the detector[19], is generally quite small. In addition, the
signal to noise ratio in the experiment is proportional to the phase space density of the
source. Thus, the detailed study of the HBT effect was greatly facilitated by the advent of
degenerate quantum gases. Figure 1 shows our detector. A micro-channel plate (MCP)
amplifies the electron ejected upon impact by a metastable helium atom (20 eV internal
energy). The charge pulse is recorded with ns time resolution and in the horizontal plane
a delay line anode and timing electronics provides position resolution1. Although the
detector actually measures arrival times, we conventionally convert the arrival time into
a vertical position by multiplying by the velocity at arrival at the detector. This velocity
has a spread of less than 1% over the atomic sample.
In the spring of 2005, we successfully used this detector to observe the HBT effect
using an evaporatively cooled sample of 4He[9, 20]. We refer the reader to those papers
for more information. The shape, width and height of the correlation signal can be
quantitavely understood by a simple ideal gas treatment of the atoms.
1 Available from Roentdek http://www.roendtek.com. Our time to digital converter is manufac-
tured by ISITech http://www.opticsvalley.org/data/isitech.pdf
FIGURE 1. (A). Drawing of the cloverleaf trap and the position sensitive detector. The detector consists
of two 8 cm diameter micro channel plates. The charge is collected by two delay-line anodes to give
both the arrival time (or equivalently the vertical position) and the position of the particles in the x-y
plane. The vertical resolution is determined by the time resolution (1 ns) while the horizontal resolution is
about 500 µm. (B). Pair distribution histogram for 3He falling on the detector. A time separation of 1 ms
corresponds to about 3.5 mm. The broad overall shape of the distribution (HWHM about 6 ms) is due to
the approximately Gaussian temporal shape of the cloud. The dip for times below 1 ms is the antibunching
or Fermibury effect.
Experiment with fermions
Only weeks before the ICAP2006 conference, the metastable helium groups in Or-
say and in Amsterdam began a collaboration to observe the analagous effect with the
fermionic isotope 3He. Instead of a bump, we expect a dip. The Amsterdam group had
already demonstrated the production of a degenerate gas of 3He [21], and the setup was
sufficiently similar to the one in Orsay that it was possible to install the Orsay detector in
the Amsterdam apparatus with some minor modifications to the vacuum system. It took
only two weeks of (albeit intense) work to see an unambiguous anti-bunching signal.
One of the first of these is shown in Fig. 1. Unlike the published boson data, the data
shown are not normalized. Thus one sees a broad structure in the peak corresponding
to the Gaussian shape of the cloud as it arrives at the detector (or more precisely its
auto-convolution). The anti-bunching signal is the small dip for pair separations below
1 ms. At this writing, quantitative analysis of these data is still in progress, but roughly
speaking, the antibunching signal corresponds closely to our expectations. Under iden-
tical conditions, the width and amplitude of the signal for bosons and fermions are of
similar magnitude.
OBSERVATION OF CORRELATED ATOM PAIRS
Interactions between atoms also produce correlated atoms. The correlations are partic-
ularly simple for elastic collisions, and obviously the study of collision products has
occupied much of atomic, nuclear and particle physics for the last century. The colli-
sions we study here however are a little different because the source is a Bose-Einstein
condensate (BEC), and therefore approximates a "single mode" source. Thus, analogies
with four-wave mixing are very apt. Indeed stimulated four wave mixing using BEC’s
has already been observed[22, 23]. Collisions between BEC’s have also been studied by
two other groups[24, 25]. In these experiments collision velocities were sufficiently high
that not only s-waves but also d-waves were involved. The experiments we describe here
are limited to the s-wave regime.
The point of departure for the experiment is the Orsay apparatus used in the HBT
experiment described above. To this apparatus we have added two more laser beams to
drive stimulated Raman transitions between the trapped (m = 1) and field insensitive
(m = 0) states of the 23S1 energy level. The quantization axis is defined by the magnetic
field which is along the x-axis. The two lasers are detuned by 400 MHz from the 23S1 -
23P0 transition and have a relative detuning of about 600 kHz in order to be in Raman
resonance for atoms in the bias field of the magnetic trap. The laser beams propagate at
small angles to the z and x axes of Fig. 1 and thus a momentum transfer of h¯k(ex + ez),
where ex is a unit vector along the x-axis, accompanies the Raman transition. The beam
along the x-axis is retro-reflected resulting in a second possible Raman transition with a
momentum transfer of h¯k(−ex + ez).
Most of the atoms are transfered to the m = 0 state with one of the two possible
momentum components. These atoms collide with a relative velocity of twice the recoil
velocity and, in the absence of gravity, would be scattered into a spherical shell whose
radius is h¯k
m
t where t is the time after the collision. In the presence of gravity, the
kinematics are the same except that the spherical shell accelerates downward. Atoms
which are not transferred to the m = 0 state remain in the trap. Figure 2 shows some data
taken with the delay line detector under these conditions. The figure shows successive
slices of the three-dimensional reconstruction of the atoms’ positions. The sphere into
which the atoms are scattered, as well as the two colliding clouds are clearly visible.
Less than 10% of the atoms are scattered from the colliding clouds.
The correlations on the sphere are shown in Fig. 3. We see a correlation signal both
for pairs of opposite momenta in the center of mass frame, (p,−p) as well as for pairs
with the same momentum (p, p). The latter effect is simply another manifestation of the
HBT effect[13, 16] and may prove useful because it allows us to characterize the size
of the source. The size of signal for opposite momenta can in principle be many times
the background level. Its small size here appears to be due to a rather poor quantum
efficiency of the detector (on the order of 5% averaged over the detector). The width
of the anti-colinear correlation peak is clearly larger than the colinear peak. We believe
that its width is partly due to the mean field energy acquired by the atoms during their
expansion[13, 26, 15, 16]. A quantitative study of the width and the detector quantum
efficiency is in progress.
FIGURE 2. Images of the collision of two condensates. Each frame represents successive slices of the
atomic cloud as it passes the plane of the detector. The two colliding condensates and the s-wave collision
sphere are clearly visible.
CORRELATIONS ON AN ATOM CHIP
As has been shown in other recent experiments, single atom counting is not necessary
to observe atom correlation effects. Absorptive imaging, when performed in sufficiently
low noise conditions can also be sensitive to atom number or atom density fluctuations[5,
6, 8]. Inspired by these experiments, we have also examined number fluctuations in
a nearly one dimensional gas on an atom chip. A difficulty in absorption imaging is
the fact that the necessary integration over one direction can average out the desired
signal. The one dimensional geometry is particularly favorable in this respect because
this integration can be avoided. Atom chips are also advantageous for this sort of study
because they permit the use of a compact, and mechanically stable apparatus. In our
experiment we had little difficulty in taking images at the photon shot-noise limit.
Multiple averages (several hundreds) of these images permitted an accurate subtraction
of the photon shot-noise to reveal the atom number fluctuations[10].
In spite of the fact that the resolution of our imaging system was significantly larger
than the correlation length of the sample, these measurements had two new features.
First, the fluctuations were observed without releasing the atoms from the trap. They
FIGURE 3. Atom correlation signals: (A), for opposite momenta, (B), for colinear momenta. The left
image shows the signal in the x-y plane. The next two in each row show the signals along one axis and
integrated along the other. The second line (B) is simply a manifestation of the Hanbury Brown Twiss
effect. In both cases the correlation function is anisotropic because of the initial anisotropy of the source.
The normalization is such that unity corresponds to no correlation.
were thus sensitive to correlations in position rather than momentum. Second, and more
importantly, we were able to identify a regime of high density in which interactions
between the atoms suppressed the fluctuations which would be expected for a non-
interacting gas. A careful analysis of the density profile of such a gas also reveals that
the profile cannot be explained by a Hartree-Fock calculation that neglects correlations
between the particles [27]. Improved calculations, including correlation effects promise
to give a better account of the observations [28, 29].
We hope that the experiments discussed above have given a taste of the rich possi-
bilities in correlation measurements. The main conclusion with which we would like to
leave the reader is that, in the field of degenerate quantum gases, treating correlations
between particles remains an important challenge. But our increasingly sophisticated
experimental techniques are beginning provide a window on these phenomena, and we
can expect great progress in the near future.
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